Automated mechanism generation is an essential tool to be able to create mechanistic models of lubricant degradation chemistry. To date, modeling of lubricant degradation has been accomplished only through the use of lumped or pathways-style approaches. These methods have yielded important insights into major degradation pathways but lack predictive power and fail to produce some key trends in the product distribution, even qualitatively. Mechanistic models of lubricant degradation include reactivity of individual species as well as the role of secondary reactions. Such models have much to offer in terms of fundamental understanding of degradation chemistry. Furthermore, they may be exploited to directly study the effect of radical stabilizers and additives. Key results obtained include a quantitative description of the degradation of a model lubricant as well as detailed kinetic correlations for estimating rate constants. This poster presents our efforts to construct detailed reaction mechanisms of lubricant degradation. The underlying theories of automated network generation and preliminary results are presented.
INTRODUCTION
Lubricant degradation is a complicated free-radical process in which hundreds, or even possibly thousands, of species undergo simultaneous reactions. Degradation reduces lubricant ¡ Address all correspondence to this author. functionality, decreases part lifetime and contributes to mechanical failure of moving parts. Understanding of the degradation of even the most simple model lubricants is still incomplete. This is in spite of the fact that improved attention to friction and wear could, by some estimates, save the US economy over $100 billion annually. [1] Our current limited understanding of lubricant degradation and the enormous cost-saving potential suggest that further studies of degradation would be valuable.
Tremendous advances in computing power over the past 15 years now give us the power to develop highly accurate models of lubricant degradation. An ideal description of lubricant degradation is a chemical kinetics model which quantitatively describes the distribution and amount of degradation products but also is predictive, i.e., applicable beyond the range of conditions for which it was specifically developed. Such models of lubricant degradation do not exist. The chief reason for this is that the enormous complexity of lubricant degradation makes it prohibitive to assemble a mechanistic model by hand. Substantial progress using automated mechanism generation techniques has been made for other chemistries including atmospheric chemistry and pyrolysis. [2] The principles of automated mechanism generation have yet to be applied to lubricant degradation.
AUTOMATED MECHANISM GENERATION
Our group has developed a computational framework to automatically generate reaction mechanisms of complex chemistries. The approach relies on identifying the key reaction types, systematically generating all chemical reactions and species, and also specifying rate constants for each reaction. The process of mechanism generation is governed by three main inputs: reactants, reaction types or families, and rules for the implementation of the reaction types. [3] The key to automated mechanism generation is the representation of molecules and reactions as matrices and matrix operators, respectively. The use of matrices, specifically termed bond-electron matrices, to represent molecules is illustrated in Figure 1 . The bond order between atoms i and j is specified by matrix element ij while the number of nonbonded electrons is listed on the diagonal elements jj. To implement a chemical reaction, the set of reactants and set of products are each combined into single species matrices. A reaction matrix operator is then defined as the difference between the product and reactant matrices. Thus, when the reaction matrix is added to the reactant matrix, the reactants are transformed into the products. To implement automated mechanism generation for a particular reaction chemistry, permissible reaction families, or reaction operators, must be specified. We have identified thirteen unique reaction families which can describe all reactions in the bulk degradation of natural lubricants.
Automated mechanism generation proceeds by inputting the reactants and systematically applying reaction operators to generate new products and reactions. Lubricant degradation is not inherently convergent and external criteria must be applied to curb mechanism growth. [2] For the present work, we employ a rate-based approach which only includes the most reactive species in the reaction mechanism.
SPECIFICATION OF RATE CONSTANTS
One challenge in developing mechanistic models, and in particular, applying the rate-based approach to mechanism generation, is to specify rate constants for every elementary step in the mechanism. It is impossible to experimentally determine all of the rate constants governing lubricant degradation. Thus, rate coefficients of individual reactions must be estimated using other approaches such as structure-reactivity relationships where a kinetic parameter is related to a property that is easier to estimate. Such relationships have not been discussed in the literature in the context of lubricant degradation, and their use in hydrocarbon oxidation modeling is limited. It is also possible to estimate rate constants directly from theory using quantum chemical calculations or to use quantum chemistry to calculate properties required by structure/reactivity relationships. We use the hierarchy given in Figure 2 to specify rate constants and thermodynamic quantities required to solve the mechanism.
PRELIMINARY RESULTS
Using the principles of automated mechanism generation outlined above and the hierarchy of rate constant specification in Figure 2 , we have tested the applicability of this approach to hydrocarbon oxidation. Thus far, we have successfully constructed reaction mechanisms of the oxidation of ethylbenzene, propane, and octane. These mechanisms allow us to derive insights about lubricant degradation chemistry while allowing us to work with smaller, more tractable systems. Using automated mechanism generation and available kinetic data from the literature, we are able to model these systems well.
